Abstract-In this paper, the dielectric, piezoelectric, and elastic properties of the Ca3TaGa3Si2O14 (CTGS) single crystals were fully investigated over the temperature range of 21
I
N the past few years, the high-temperature sensors have shown increasingly strong attraction to the researchers in the fields of aerospace, automotive, energy, oil, and gas industries, owing to their stable and accurate performance under harsh environments [1] - [3] . The sensors applied in these areas may serve both as the internal components of the systems (should be able to work availably and stably for a long term under the corresponding extreme environments, such as the high temperature, intense vibration, low concentration of oxygen, and so on) and as the external detectors (should be able to timely and effectively provide the desired information such as the temperature, pressure, acceleration, and so on). Therefore, the selection of the sensor materials is extremely critical. Recently, langasite family crystals, with general chemical formula {E} 3 [A](F) 3 <D> 2 O 14 , have been the focus of much consideration due to their excellent piezoelectric properties and high-temperature behaviors, and numerous research results have been reported [2] - [9] . Compared with the more traditional piezoelectric crystal sensor materials, such as quartz and gallium orthophosphate (GaPO 4 ), whose applications are restricted by the phase transitions to 573
• C [10] and 970
• C [11] , respectively, langasite family crystals exhibit no phase transitions prior to their melting points (1300−1500
• C) [2] . In some early studied langasite family crystals, such as the La 3 Ga 5 SiO 14 (LGS), La 3 Ga 5 GeO 14 (LGG), La 3 Ga 5.5 Nb 0.5 O 14 (LGN), and La 3 Ga 5.5 Ta 0.5 O 14 (LGT), the positions of Ga 3+ ions are not fixed and they could occupy (F), <D>, or [A] sites. They are so called "disordered" langasite crystals, and the disorder could unfortunately lead to the nonuniform mechanical properties [12] , which is undesirable for high-temperature sensors. To improve the applicability of langasite family crystals, much effort has been made to study the "ordered" langasite crystals, and four compositions have been identified: Ca 3 [9] , [13] . Among these four "ordered" crystals, Ca 3 TaGa 3 Si 2 O 14 (CTGS) shows the most stable performance and has drawn much attention recently. Shi et al. [8] reported all its dielectric, piezoelectric, and elastic properties at ambient temperature; Yu et al. [2] studied some of the dielectric and electromechanical properties over the temperature range of −60−700
• C. However, to the best of our knowledge, the temperature behaviors (from room temperature to temperature up 800
• C) of all CTGS's dielectric, piezoelectric, and elastic coefficients have not been completely reported yet. A systematic study is therefore needed to fully characterize all the coefficients over a wide temperature range for the device development and applications.
In the past decades, a number of methods have been developed to characterize the electromechanical properties of piezoelectric materials. The widely accepted measurement procedures and parameter extraction methods for linear (dielectric, piezoelectric, and elastic coefficients are considered as constants independent of the applied electric fields and mechanical stresses) and low-loss (electrical and mechanical dissipations could be neglected) piezoelectric materials have been stated in the "IEEE Standard on Piezoelectricity" [14] . Based on the applied electric excitations, direct current (dc) or alternating current (ac), the earliest techniques could be divided into static and quasi-static measurements [15] . However, they were rapidly replaced by the dynamic methods, since the dynamic methods are with greater accuracy and much wider range of applications. Dynamic methods are also called "resonator methods," because they take advantage of the principle that the electrical properties (impedance or admittance) of a piezoelectric resonator are dependent on the dielectric, piezoelectric, and elastic coefficients of the materials. Thus, by measuring the electrical impedance or admittance of a series of resonator specimens with various crystalline orientations and shapes as a function of frequency, those coefficients could be determined [14] , [15] .
For lossy materials, if the IEEE standards are directly employed to determine the electromechanical properties, significant errors would be introduced, because the electrical and mechanical dissipations are significant and cannot be ignored. The non-negligible dissipations could be incarnated by expressing the properties with complex coefficients [16] . Even for the low-loss materials, the complex coefficients could further improve the accuracy of the expression compared to the real ones obtained through IEEE dynamic methods. Several methods have been proposed to acquire the complex dielectric, piezoelectric, and elastic coefficients of piezoelectric materials: Smits [17] reported an iterative method which compels the admittance or impedance to satisfy the experimental results at three chosen frequencies. This method is accurate for the chosen frequencies; however, for other data points, the errors are often uncontrollable, and the results are overreliance on the selected points which make it lack of universality. Kwok et al. [18] developed a curve-fitting method to obtain the complex coefficients; however, similar to the iterative method, this method has a certain degree of randomness, because the data exploited dominate the outcome of the fitting. To overcome the weaknesses of the previous methods, Du et al. [19] - [21] introduced a new approach which deduces the complex coefficients from the admittance or impedance information near the resonant frequency: the maximum and minimum normalized susceptance B (or reactance X), and the maximum normalized conductance G (or resistance R). The information is sensitive to the desired coefficients, and the method has been successfully applied to the complete characterization of materials' properties of piezoelectric lead zirconate titanate (PZT) ceramics and lithium niobate (LiNbO 3 ) single crystals.
In this work, we characterized all the real and complex dielectric, piezoelectric, and elastic coefficients of CTGS single crystals over a wide temperature range (from ambient temperature to 800
• C) using the IEEE dynamic methods and the techniques developed by Du et al., respectively. And the temperature dependence of the materials' properties was discussed. The results provide a more comprehensive understanding of the material electromechanical behavior in a wide temperature range and would assist further development of device applications using this novel piezoelectric crystal.
II. EXPERIMENT

A. Growth of CTGS Single Crystals
The CTGS crystals were grown by the Czochralski (CZ) pulling technique using an automatic diameter control (ADC) CZ furnace, and high purity raw materials: CaCO 3 , Ta 2 O 5 , Ga 2 O 3 , and SiO 2 . The powders of these four raw materials were first mixed in stoichiometric ratio and sintered at 1250
• C for 24 h. And then, the sintered polycrystalline materials were loaded into an iridium (Ir) crucible and melted at 1350
• C. Subsequently, a CTGS crystal with 110 direction was used as the seed to pull the melted materials to form the single crystals at a rate of 0.5-1 mm/h with the rotation of 5-15 r/min. During the crystal growth processing, the N 2 plus 1 vol% O 2 atmosphere was employed to protect the Ir crucibles and prevent the generation of the oxygen defects in the crystals [3] . Finally, the as-grown crystals were slowly cooled down to room temperature at a rate of 30
• C/h to avoid the possible cracking.
B. Sample Preparation and Electrical Measurements
As indicated above, samples of various orientations and shapes are needed to completely determine the elastic, dielectric, and piezoelectric coefficients, no matter which method is going to be applied. According to our calculation for crystal resonator design, seven crystal resonator samples with the specific crystal cuts shown in Fig. 1 [14] : for square plates, the only uppercase letter (X, Y, or Z) represents the initial principal direction of the thickness of the samples; for rectangular bars, the first two uppercase letters (XY) successively indicate the initial principal directions of their thickness and length, and the lower case letter (t, if present) denotes that the direction of the thickness (X) is the axis of the rotation. The positive angle means the rotation is counterclockwise looking down the positive end of the axis toward the origin, and the negative ones illustrate the rotations are clockwise. The selection of these seven cuts for crystal resonator fabrication will be explained in detail later.
Fifty-nanometer chrome (Cr) and 150-nm gold (Au) films were deposited sequentially on the desired surfaces of the samples by the Thermionics E-Beam Evaporator to serve as the electrodes. Fig. 2 schematically shows the measurement setup in this experiment. The samples were placed and held at the center of a tube furnace (Thermo Scientific 79300) of which temperature range is from room temperature to 1200
• C. The capacitance, impedance, and admittance of the crystal resonators were measured by an impedance analyzer (Agilent 4294A, 40 Hz-110 MHz). Nichrome wires, which ends were curled spirally to gently grip the samples, were used to connect the resonator samples and the fixture of the analyzer. To eliminate the electrical interference from the wires, tube furnace, and the fixture as much as possible, the nichrome wires were successively covered by ceramic and nichrome tubes, and the impedance analyzer was calibrated with that both the fixture and wires are connected before the measurements. During the measurements, dry N 2 atmosphere was introduced to protect the electrodes, wires, and samples. The signals were recorded after the temperature at each desired point had stabilized for 10 min. The properties of the crystals are pretty stable; however, there are very few abnormal signals which are caused by the external factors, such as the loose of the nichrome wires and the failure of the electrodes, and should not be taken into account when determining the final results. So, to exclude these kinds of abnormal signals, for each kind of cuts, five samples were prepared, and three of them were tested at first. If the three signals were close to each other, they would be averaged and the averaged signals would be treated as the final results. If not, the fourth or fifth samples would be measured and the obtained signals would be used to substitute the abnormal ones.
III. METHODS FOR THE DETERMINATION OF THE ELASTIC, DIELECTRIC, AND PIEZOELECTRIC COEFFICIENTS
A. General
CTGS crystals belong to the trigonal crystal system and the point group 32, and according to Mason's definition and deduction [22] , the dielectric, piezoelectric, and elastic coefficients matrices are as follows: 
As can be seen above, the d ij and s ij matrices are somewhat different from the e ij and c ij matrices, respectively, because of the definition of the shearing strain adopted. Obviously, the independent dielectric, piezoelectric, and elastic coefficients to be determined are 2, 2, and 6, respectively. Next, the two methods for the determination of these coefficients will be described and explained in detail: one is in the light of the IEEE dynamic methods, while the other is according to Du's methods.
B. IEEE Dynamic Methods for the Determination of the Real Coefficients
To apply the dynamic methods for crystal resonator characterization, piezoelectric resonators with desirable vibration modes that can be excited by electrical field should be designed and prepared according to the piezoelectric constitutive equations, a general form of which is as follows:
where S, s, T, d, E, D, and are strain, elastic compliance coefficient, stress, piezoelectric coefficient, electric field intensity, electric displacement, and permittivity, respectively. And the superscripts E and T denote "at constant electric field" and "at constant stress," respectively. For the design of the resonators, two basic principles should be followed: the crystal sample cuts should be as simple as possible to ensure their availability and accuracy; and the electrically excitable vibration modes should be as pure as possible to avoid the coupling and complexity. Thus, the lengthextensional modes of bar resonators have particular significance for the coefficients' determination, due to their simplicity and purity. For crystals in point group 32, with the four kinds of rectangular bars as shown in Fig. 1 
In this case, only two elastic compliances are left to be determined: s E 12 and s E 13 . However, these two elastic compliances could not be directly reflected by any pure mode of vibrator and they are relatively small compared to most of others according to Shi's [8] report. Therefore, some indirect methods should be exploited. As we know, the elastic compliance coefficient matrix s and the elastic stiffness coefficient matrix c are reciprocal
So, the following relations could be obtained [22] : 
where C, t, and A are the low-frequency capacitances (measured at 2 kHz), thicknesses, and effective areas of the plates, and ε 0 is the vacuum permittivity. The two piezoelectric coefficients (d 11 and d 14 , or e 11 and e 14 ) could be obtained through the admittance measurements of any two kinds of the four rectangular bars as shown in Fig. 1 [here XY, and (XYt) 45
• bars were selected]. The relative equations are as follows:
where k 12 is the electromechanical coupling coefficient, and f r and f a are the corresponding resonant and antiresonant frequencies, respectively. So far, the IEEE dynamic methods for determining all the real dielectric, piezoelectric, and elastic coefficients of CTGS crystals have been fully explained, and the information of the samples and measurements is summarized in Table I .
C. Methods of Du et al. for the Determination of the Complex Coefficients 1) General:
Compared to the real parts of the complex coefficients, the imaginary parts are much more difficult to determine, because they are much smaller than the real parts and may be in the same order as the random errors, and there is little information which is only sensitive to them. Du et al. developed an effective method which could subtly extract the complex coefficients from the dynamic behaviors of the impedance or admittance near the resonance, where the information is more dominant than the random errors and with high sensitivity to the desired coefficients [19] . It is worth noting here that the impedance should be measured in the form of resistance (R) and reactance (X), and the admittance in the form of conductance (G) and susceptance (B).
The selection of the impedance or admittance measurement is not arbitrary, and it depends on the relationship between the cutting orientation and the electric field direction of the samples. To clear this question, the two directions should be defined first: The cutting orientation is represented by the unit vector l, and l is along the length direction of the bars and thickness direction of the plates; the electric field direction is denoted by another unit vector n; and n is perpendicular to the electrode surfaces. Whether the samples are bars or plates, the admittance (G − B) should be measured when n is perpendicular to l, and the selection should be the impedance (R − X) when n is parallel to l [20] .
2) Basic Procedure: The complex dielectric coefficients could be expressed by the following equation:
where ε r , ε r , and ε r are the complex dielectric coefficient, its real part and imaginary part, respectively. The two complex dielectric coefficients could be obtained through the measurement of the capacitances and the dissipations (C p − D) of X-cut and Z-cut square plates: the real parts (ε r ) are the same with the real dielectric coefficients acquired through the IEEE dynamic methods and could be calculated by (10) , and the imaginary parts (ε r ) are the products of the real parts and corresponding dissipations
If the capacitances and the dissipations are measured at a low frequency (2 kHz), the complex dielectric coefficients under constant stress (ε T r ) could be got; if they are measured at a high frequency (20 MHz), the coefficients under constant strain (ε S r ) would be obtained.
In order to determine the complex piezoelectric and elastic coefficients, Du et al. developed their methods basing on the general acoustic field equations, piezoelectric constitutive equations, and some necessary mathematical manipulations [20] . Here, we will not repeat the derivation process but will summarize the significant conclusions and clear the specific usage of the methods. According to the electrical conditions and shapes, there are four types of samples: bars with n ⊥ l, bars with n l, plates with n ⊥ l, and plates with n l. The equations specifically employed and the parameters finally obtained of these four types of samples are very similar but with slightly difference. We will elaborate on the method for the first type (bars with n ⊥ l), and describe the other three kinds on the basis of it. a) Bars with n ⊥ l: As previously described, when n ⊥ l, the admittance (G − B) should be measured
where k and Λ are some complex constants which are functions of the desired coefficients, and a is half of the length of the bars (for plates, a is half of the thickness). And to eliminate the frequency dependence of the first term of (14), the admittance should be normalized by ω
where
and
Thus, once the Λ is known, the complex elastic coefficients would be obtained according to (19) , and if A is known, the complex piezoelectric coefficients could be got through (16)- (18) . According to Du's derivation, the ways to solve Λ , Λ , A , and A are as follows:
where f G max is the frequency of the maximum normalized conductance where f B max and f B min are the frequencies of the maximum and minimum normalized susceptance, and the "sign(f B max − f B min )" means the sign (plus or minus) of "f B max − f B min ." q m is an intermediate variable which is related to the effective mechanical quality factor and could be solved from (21a)
The determination of A is much more difficult and is based on the following complex mathematical operation:
where Δf is the measurement increment step of frequency. In a word, through the measurements of the capacitance (C) and admittance (G − B), the Λ , Λ , A , and A could be got according to (20) - (23), respectively. And then, the complex elastic coefficients could be obtained through (19) , and the complex piezoelectric coefficients could be determined through (16)- (18) .
b) Bars with n l: When n l, the impedance (R − X) should be measured and normalized by 1/ω
In this case, the definition of the complex constant A is the same with that shown in (18); however, the η, k, and Λ will be slightly different
By simply substituting the f G max , f B max , and f B min in (20)-(23) with f R max , f X max , and f X min , respectively, the new Λ , Λ , A , and A could be obtained. Thus, the complex elastic coefficients could be got through (25c), and the complex piezoelectric coefficients could be determined through (18) , (25a), and (25b).
c) Plates with n ⊥ l: The methods for the determination of the complex elastic and piezoelectric coefficients of plate samples with n ⊥ l are almost the same with those of bar samples with n ⊥ l, except the definitions of k and Λ
Plates with n l: Similarly, by following the methods developed for bar samples with n l, we could determine the desired complex coefficients under this situation and only need to employ the new expressions of k and Λ
To make the procedure more clear, the relationships between the sample types and the expressions of related parameters are summarized in Table II. 3) Specific Design: The foregoing part has shown which form of complex coefficients could be obtained through the different samples with distinct electrical conditions. Following that, it is necessary to illustrate samples with which kinds of orientations are needed to determine the six elastic and two piezoelectric coefficients. Similar to the design for the IEEE dynamic methods, in this process, the simpler sample cuts with purer vibration modes also have the higher priority. In order to determine the required orientations, it is necessary to introduce four matrices: L, M, A, and B [20] , [21] . L and M are two intermediate matrices and defined as follows:
where l 1 , l 2 , and l 3 are the three components of the cutting orientation's unit vector l :
A and B could provide the decisive information for the design and are defined as follows:
For bars with n ⊥ l
For plates with n ⊥ l
For bars with n l
For plates with n l
where for bars ε n = n t ε T n, and for plates ε n = n t ε S n. Matrix A is associated with the complex elastic and piezoelectric coefficients and could indicate the possible vibration modes, while B could illustrate how to electrically excite the different vibration modes. Next, we will minutely explain the design with the aid of matrices A and B.
a) X-cut plate: For X-cut plates, l = [100] t , when n l, n = [100] t , the matrices A and B are as follows:
Obviously, there are two pure shear modes (c E 44 ) and one pure extensional mode (c E 33 ), and the pure shear modes could be excited by the electric field in X-direction (or Y). Therefore, Z-cut plates with n ⊥ l could be used for the determination of c E 44 and e 14 .
d) XY-cut bar: As we know, l = [010] t , when n ⊥ l and n = [100] t , the matrices A and B could be expressed as a l,w, and t mean the length, width, and thickness of the samples, respectively. b The sample dimensions here are only for reference, and in the calculation processes, the actually measured values were applied. c C, R − X, and G − B represent the capacitance, impedance, and admittance, respectively. d Other coefficients which are not included in the "directly related coefficients" column could be calculated from the included ones.
As can be seen from (37a) and (37b), there are one pure shear mode and two mixed extensional shear modes; however, the pure shear mode could not be excited by the electric field in X-direction. Although the two mixed extensional shear modes are not pure, the measured admittance signals are clear and strong. Hence the XY-cut bars with n ⊥ l were employed to obtain s 
Through the above-mentioned five types of samples, all the complex elastic and piezoelectric coefficients could be obtained. In summary, by measuring the X-cut, Y-cut, and Z-cut plate samples, c 
The information of the samples and measurements is summarized in Table III. IV. RESULTS AND DISCUSSION According to the methods mentioned above, all the real and complex dielectric, piezoelectric, and elastic coefficients of CTGS single crystals, and their temperature behaviors were determined. To avoid the possible confusion resulting from the disunity of the symbols, we will unify their forms. For example, the s E ij is used to represent the real elastic compliance coefficients at constant electric field, and (s E ij ) (s E ij ) are employed to denote the real and imaginary parts of the corresponding complex coefficients, respectively. The notations of other coefficients are similar to this one. In Figs. 3-14 , when the real and imaginary parts of the complex coefficients are with the same sign (both are positive or negative), "(i)" will be marked after the notations of the imaginary parts; otherwise, "(−i)" will be applied. In the figures which possess double Y-axes, there are some cross or closely spaced lines. In order to avoid the confusion, the blue circles and arrows will be employed to specify which Y-axis they are belonging to. Based on the fact that the part of the coefficients are positive and the others are negative, and the symbols only represent the directions of the relative effects, which are independent of the size of the values, all the "absolute values" were considered when talking about the trends with temperature. • C, while they become quite large after 400
A. Dielectric Coefficients
• C, especially the imaginary parts (ε T r11 ) and (ε T r33 ) , implying that the conductivity of CTGS crystals will change significantly when the temperature is higher than 400
• C. In addition, compared to the ε 
B. Piezoelectric Coefficients
The variations in the piezoelectric coefficients d, d , and d as a function of temperature are shown in Fig. 4 . As can Generally, these piezoelectric coefficients stay relatively stable over a wide range of temperature. Moreover, the absolute values of d 11 and d 14 are a little larger than those of d 11 and d 14 , respectively, which are in good agreement with Du's results on PZT ceramics and illustrate that the neglect of the dissipations would result in the overestimation of the piezoelectric coefficients [19] . Fig. 5 9 N/m 2 , respectively. They were determined through the Z-cut and Y-cut plate samples, respectively, which reflect that the linearity of Y-cut plate samples' temperature behaviors is much better than that of Z-cut plate samples' temperature behaviors. The impedance spectra of one Y-cut plate sample over the tested temperature range are hibited in Fig. 10 , which not only show the excellent linearity temperature behavior of Y-cut sample but also reveals that the high temperature will weaken the amplitude and sharpness of the resonant peaks. Fig. 11 shows the temperature behaviors of s
) . As the temperature rises, all their absolute values present a slight increase; however, the trends are less obvious and erratic. This is understandable: first, because they were determined on the basis of some other already obtained coefficients, which mean they were affected by more errors; and second, because their absolute values are relatively small, which make they were more vulnerable to the errors. The ranges of their absolute values are 2.31−2.48, 2.00−2.38, 0.11−0.13, 1.97−2.37, 2.59−2.82, and 0.14−0.15 pm 2 /N, respectively. Similarly, the temperature behaviors of c The foregoing mentioned that Shi et al. [8] had reported all the real dielectric, piezoelectric, and elastic coefficients of CTGS single crystals at ambient temperature. Table IV compares their results with those obtained in this work at three selected points: 21
• C, 400
• C, and 800 • C. Although the orientations of the applied samples and the procedures of determining the coefficients are with significant difference, most of the coefficients determined in this work at 21
• C are quite close to those in Shi's report, which demonstrate the high degree of the applicability of the methods and designs developed in this paper. Besides the orientations and procedures, there are some other factors which will also result in different results: the different crystals grown conditions, e.g., the pulling rate and rotation rate; the different details of the sample preparation, e.g., the materials and thicknesses of the electrodes; and the dimensions of the samples. The little difference between the results in these two works could be understandable when considering these factors.
V. CONCLUSION
In summary, the fully ordered CTGS single crystals which were grown by the CZ pulling technique were investigated from the room temperature to 800
• C. All of the real and complex dielectric, piezoelectric, and elastic coefficients were completely obtained. The determination of the real coefficients was based on the IEEE dynamic methods, and the related design and measurement information is summarized in Table I . According to the methods of Du et al., and in combination with the structure characteristics of CTGS crystals, an effective program was designed to determine the complex coefficients and is summed up in Table III . The determination of the complex coefficients required fewer types of samples than that of the real ones, due to some samples, such as the Z-cut plate sample, and XY-cut bar sample could provide more information in the former procedure than in the latter one. In addition, the results at three selected points (21 • C, 400
• C, and 800
• C) are shown in Table IV , and the comparisons with the previously reported results convincingly proved the accuracy of the methods employed in this paper.
From the results of this work, the following conclusions can be made: 1) the complex dielectric, piezoelectric, and elastic compliance coefficients are with the form of "a − bi" or "−a + bi", while the elastic stiffness coefficients' form is "a + bi" or "−a − bi", where both "a" and "b" are positive; 2) for most of the piezoelectric and elastic stiffness coefficients, the absolute values of the real ones are larger than the real parts of the complex ones, while most of the elastic compliance coefficients show the opposite relationship; and 3) the directly determined coefficients possess higher linearity than the indirectly obtained ones. This work provides materials' parameters for the further device design, fabrication, and applications of CTGS single crystals.
